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Nodal Signaling in Early Vertebrate Review
Embryos: Themes and Variations
activin-like TGF ligands, the nodal family of factors,
have emerged as strong candidates for such endoge-
nous inducers (reviewed in Schier and Shen, 2000). The
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vide a mechanistic connection between earlier studies
of activin as a mesoderm inducer and more recent work
on nodals. Recent studies in frog, mouse, and zebrafishThe nodal family of TGF-related ligands have emerged
as critical regulators of early vertebrate embryogene- of nodals and their downstream transducers reveal both
shared and divergent features of how this signalingsis. Recent studies in mice, fish, and frogs of nodals
and their intracellular transducers allow a comparison pathway is used during the early development of differ-
ent vertebrate embryos (elegant transplantation studiesof how this signaling pathway is used in the patterning
of early embryos of these different vertebrates. on Organizer activities in the chick also make an interest-
ing comparison [reviewed in Joubin and Stern, 2001],
but data on the nodal pathway in the early chick embryo
are insufficient for inclusion here). This review will focus
on the nodal signaling pathway as a shared point of refer-Introduction
The observation by Spemann and Mangold (1924) that ence for comparing patterning mechanisms among em-
bryos of several vertebrate model organisms. It is impor-the dorsal blastopore lip of an amphibian embryo,
known as the Organizer, directs body axis formation tant to note that other signaling pathways (e.g., Wnt,
BMP, FGF signaling) are no less central to early embry-provided an early paradigm for the study of vertebrate
body plan establishment. Almost 70 years later, Rosa onic patterning; the role of these pathways has recently
been reviewed elsewhere (Moon and Kimelman, 1998;Beddington demonstrated that the Organizer concept
is also applicable to mice. Transplanted regions of the De Robertis et al., 2000; Schier, 2001; Lu et al., 2001).
mouse node, a structure comparable to the amphibian
dorsal blastopore lip, induce a secondary neural axis Functions of Nodal Ligands in Patterning
(Beddington, 1994). These secondary neuraxes lack the Early Embryo
heads, however, and Beddington’s subsequent work nodal was identified in the mouse as a gene essential
showed that the function of the Spemann organizer in for the establishment of the primitive streak (Conlon et
amphibians, which can induce both complete heads al., 1994; Zhou et al., 1993), from which both mesoderm
and axial structures, is divided in mice between the and definitive endoderm are derived. The recognition
embryonic node and the extra-embryonic anterior vis- that nodal encodes a TGF superfamily ligand was
ceral endoderm (AVE) (reviewed in Thomas and Bed- therefore particularly exciting in light of the implication of
dington, 1996). This body of work highlights the central TGF superfamily members as dorsal mesendodermal
theme underlying this review: the molecules and mecha- inducers in the frog. The identification and functional
nisms that control early development are sufficiently characterization of nodal homologs expressed during
similar in embryos of divergent vertebrate species to early frog and zebrafish embryogenesis supports a com-
permit direct comparison among them, but basic struc- mon role for these factors in the early specification of
tural differences, such as the presence or absence of mesoderm and endoderm. In addition to mesendoderm
extra-embryonic tissues, impose significant variations establishment, several other potential roles for nodals
in how these shared mechanisms are used. Nodal, a in embryonic patterning have been identified (Table 1).
TGF superfamily ligand, has emerged as a signal es- Nodals participate in these various patterning events at
sential to early embryonic patterning. The molecular distinct but overlapping times (e.g., mesoderm specifi-
analysis of nodal, its orthologs, and its downstream sig- cation and anterior-posterior axis formation), and sort-
nal transduction, begins to make possible a comparison ing out how cellular responses to nodals distinguish
of how a conserved pathway is used to pattern evolu- these multiple roles is a central problem in understand-
tionarily divergent vertebrate embryos. ing nodal function during embryogenesis. The extent to
In amphibians, the Spemann Organizer is first estab- which these different patterning events all use the same
lished as the most dorsal region of the prospective mes- signal transduction pathway, and whether the transduc-
endoderm (reviewed in Harland and Gerhart, 1997). The tion pathways used are the same in embryos of different
demonstration by Smith and others (reviewed in Smith, vertebrates, has begun to be addressed in recent
1995) that a soluble factor, activin, can respecify pro- studies.
spective ectoderm to dorsal mesendoderm provided a Role of Nodal in the Mouse
first step toward understanding the molecular basis of In the mouse, nodal is expressed in a complex, dynamic
Organizer establishment. While subsequent work indi- pattern before and during gastrulation, reflecting its mul-
cates that activin is not the major endogenous inducer tiple roles in early patterning (described in detail in Fig-
of the Organizer, or of mesendoderm in general, other ure 1) (reviewed in Beddington and Robertson, 1999; Lu
et al., 2001). In overview, nodal expressed in the epiblast
before gastrulation signals to both the extra-embryonic1 Correspondence: mwhitman@hms.harvard.edu
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expressed asymmetrically in the left-side lateral plateTable 1. Multiple Roles for Nodal Signals in Embryonic
mesoderm, where it regulates the expression of genesPatterning
implicated in left-right patterning (Wright, 2001; ShiratoriFunction Time of Nodal Action
et al., 2001; Saijoh et al., 2000).
Mesoderm specification Before/during early gastrulation Nodal loss of function results in developmental arrest
Endoderm specification Before/during early gastrulation before streak formation, preventing A-P patterning as
Anterior-posterior patterning Before/during gastrulation
well as gastrulation. Analysis of embryos chimeric forAnterior-posterior axis Before gastrulation
embryonic or extra-embryonic loss of nodal functionpositioning
demonstrate that nodal is essential for the establish-Midline patterning Late gastrulation
Left-right patterning After gastrulation ment of both mouse “Organizers,” the embryonic node
and the AVE (Varlet et al., 1997). Reciprocal, nodal-
dependent interactions between the epiblast and both
ectoderm and the extra-embryonic (visceral) endoderm the VE and ExE make it difficult, however, to sharply
(VE) (Figure 1, steps 2 and 3). Both of these extra-embry- separate the embryonic from the extra-embryonic con-
onic tissues subsequently provide signals required for tributions of nodal to this process.
patterning of the epiblast, the anterior visceral endo- Role of Nodals in the Early Zebrafish Embryo
derm (AVE) in particular being necessary for anterior- In the zebrafish, two nodal homologs have been identi-
posterior patterning of the embryo (Figure 1, step 4). fied, cyclops (cyc) and squint (sqt) (Erter et al., 1998;
This pregastrulation nodal signaling is also necessary Feldman et al., 1998; Rebagliati et al., 1998b; Sampath
for orientation of the anterior-posterior axis (Figure 1, et al., 1998) (reviewed in Schier and Talbot, 2001). When
step 5). By the onset of gastrulation, nodal expression ectopically expressed, cyc and sqt induce both meso-
in the epiblast is restricted to the primitive streak, from derm and endoderm (Gritsman et al., 2000; Kikuchi et al.,
which embryonic and extra-embryonic mesoderm, and 2000). Conversely, the loss of both cyc and sqt results in
embryonic endoderm, are derived. By mid-gastrulation, a failure of mesodermal involution at gastrulation and a
the streak is regionally subdivided, with the node defin- drastic reduction of subsequent mesoderm and endo-
ing the most anterior portion, and nodal-dependent sig- derm, indicating a critical role for nodal signals in mesen-
nals from the VE may also be involved in this regionaliza- doderm induction (Feldman et al., 1998) (Figure 3). The
expression patterns of cyc and sqt are consistent withtion (Figure 1, steps 6–8). After gastrulation, nodal is
Figure 1. Nodal Signals during Early Mouse Development
Regions of Nodal expression (green dots) and signaling (green arrows) in the mouse embryo prior to and during gastrulation are indicated.
Circled numbers denote individual steps referred to below, red arrows indicate signals inhibiting Nodal originating in the AVE, black arrows
denote cell movements. Prox., proximal; Dist., distal; Ant., anterior; Post., posterior; ExE, extra-embryonic ectoderm; Epi, epiblast (prospective
embryonic tissue); VE, visceral (extra-embryonic) endoderm; AVE, anterior visceral endoderm; N, the node.
Twelve to twenty-four hours before gastrulation (day 5–5.5), nodal is expressed throughout prospective embryonic tissue, the epiblast. Indirect
evidence suggests that expression is initiated in the epiblast adjacent to the extra-embryonic ectoderm (ExE) and is propagated by a positive
feedback loop (see below) through the epiblast (Step 1) and into the overlying visceral endoderm (VE) (Step 2) (Norris and Robertson, 1999).
Proximally expressed nodal also signals to the extra-embryonic ectoderm (ExE), where it is necessary for normal ExE gene expression and
patterning (Step 3) (Brennan et al., 2001). Nodal signaling in the VE is required for the specification of the anterior visceral endoderm (AVE)
at the distal tip of the VE (Step 2) (Varlet et al., 1997). Formation of the AVE is associated with the subsequent clearing of nodal expression
from adjacent epiblast tissue, possibly by secretion of nodal inhibitors (e.g., Cerberus, lefty1) expressed in the AVE (Step 4, red arrows)
(reviewed in Beddington and Robertson, 1999). Specification of the AVE and proximal-distal (P-D) polarization of nodal expression are the
first steps in the definition of the anterior-posterior (A-P) axis of the embryo. This P-D polarity is reoriented to define the A-P axis by coordinated
cell movements in both the VE and the epiblast (Step 5) that bring the AVE to the anterior and localize Nodal expression to the posterior side
of the epiblast (Beddington and Robertson, 1999). Both nodal hypomorphic mutants (Lowe et al., 2001) and mutations in Cripto (Ding et al.,
1998), a molecule thought to participate in nodal signaling (see text), result in a failure in the movements (Step 5) that orient the A-P axis,
indicating that Nodal is necessary for these movements.
Once nodal expressing cells are localized to the posterior side of the epiblast, they coincide with the site of both early mesodermal gene
expression and primitive streak formation (Step 6). In nodal / embryos, mesodermal gene expression is drastically reduced and the primitive
streak does not form (Brennan et al., 2001; Conlon et al., 1994; Varlet et al., 1997; Zhou et al., 1993). Extra-embryonic mesoderm, which
normally migrates out of the posterior streak (Step 7), is also dramatically reduced in nodal/ embryos. How the primitive streak is regionally
subdivided to give rise to node (anterior streak) (Step 8) and posterior streak-derived structures is not clear and may also involve signals from
the extra-embryonic tissues (reviewed in Lu et al., 2001). Recent studies on Arkadia, a novel RING finger gene that enhances nodal signaling,
show that Arkadia is required in the VE for node formation, suggesting that Nodal signaling in the VE is important for the anterior patterning
of the streak (Episkopou et al., 2001; Niederlander et al., 2001).
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Figure 2. Patterns of Nodal Expression/Sig-
naling in Embryos of Different Vertebrates
Gastrula stage embryos of mouse (top), frog
(middle), and zebrafish (bottom) are shown.
Green dots denote nodal expression in mouse,
cyclops/sqt expression in zebrafish, and
Smad2 phosphorylation in frog. Levels of
nodal-like signaling have not been examined
directly in mice and fish; additional ligands
may contribute to nodal-like signaling not de-
picted here.
such a role: both are expressed in the margin (prospec- for the earliest steps in mesendodermal specification.
Similar effects on mesendodermal development can betive mesendoderm) by late blastula, and sqt is expressed
in the yolk syncytial layer (YSL), also a source of meso- seen using ectopic expression of the ligand antagonist
antivin (Figure 3C). Partial inhibition of cyc/sqt signalingderm-inducing signals (Erter et al., 1998; reviewed in
Schier and Talbot, 2001; Feldman et al., 1998; Rebagliati function, using reduced doses of antivin or partial loss-
of-function mutants, also suggests a role for these mole-et al., 1998a). Both the expression of many early mesen-
dodermal markers in the margin and the involution of cules in anterior-posterior patterning (see below). During
late gastrulation, cyc is also expressed in the axial meso-marginal cells at gastrulation are lost or reduced in cyc/
sqt mutants, indicating that nodal signals are required derm and is required for normal midline patterning of
Figure 3. Loss of Nodal Signaling in Zebra-
fish
Zebrafish embryos at 30 hr postfertilization,
anterior to the left. Location of the the eye
and ear are noted as reference points by the
black arrow and the white arrow, respec-
tively. Embryos lacking the nodal ligands cyc
and sqt (B) are severely defective in meso-
derm and endoderm formation but retain
some axial pattern and several tail somites.
Embryos injected with RNA encoding the
nodal ligand antagonist antivin look similar,
as do embryos lacking the EGF-CFC factor
oep (D). Photos courtesy of Dr. Alex Schier.
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Figure 4. Steps in the Nodal Signaling Pathway
Components of the signaling pathway downstream of nodal ligands are indicated: blue indicates nomenclature for mouse orthologs, brown
indicates Xenopus orthologs, magenta indicates zebrafish orthologs. Components with identical names in multiple species are indicated in
black. Only a subset of candidate transcriptional targets are indicated.
ventral floor plate and forebrain (Rebagliati et al., 1998b; While nodals appear to share important functions in
the early embryos of mice, zebrafish, and frogs, thereSampath et al., 1998). During somitogenesis, cyc, like
mouse nodal, is expressed specifically in the left side are also significant differences. Cyc/sqt zebrafish em-
bryos, despite their major defects in gastrulation andof the lateral plate mesoderm and the forebrain (Rebagli-
ati et al., 1998a; Liang et al., 2000; Sampath et al., 1998) mesendodermal differentiation, develop to somite stages
with an anterior-posteriorly patterned neuraxis, severaland is therefore implicated in left-right patterning. As is
the case in the mouse, the multiple roles of nodal-related tail somites, and partial tail structure (Feldman et al.,
1998) (Figure 3). Regulators of other signaling pathwayssignals in the patterning of the early zebrafish embryo
highlights the problem of how these different roles are are dorsally localized in the early zebrafish embryo and
may specify some axial structure even in the absencedistinguished.
Role of Nodals in the Early Frog Embryo of nodal signals (reviewed in Schier and Talbot, 2001).
Similarly, non-nodal signals may account for residualIn the frog, analysis of nodal signaling in early embryos
is complicated by the identification of five different mes- axial structures in frog embryos in which nodal signaling
is antagonized. In contrast to fish and frogs, in nodal/endoderm-inducing nodal-like factors (Xnr1, 2, 4, 5, and
6), as well as several other TGF ligands that activate mouse embryos development arrests at gastrulation,
and no axial structures form (Conlon et al., 1994; Zhouthe nodal signaling pathway (reviewed in Hill, 2001). All
of these factors are expressed within the pre-gastrula et al., 1993). This difference may reflect the critical role
of extra-embryonic tissues for mammalian embryonicmesendoderm, and expression of many, although not
all, is enhanced on the dorsal side during the initial survival and growth and the importance of reciprocal
nodal signaling between embryonic and extra-embry-phase of expression. Loss-of-function experiments that
distinguish among the various Xnrs have not been done, onic tissues in the mouse.
but the general importance of nodal signals in the frog
has been probed using ectopic expression of broad
specificity nodal antagonists. Lefty2/antivin (Tanega- Downstream Mediators of Nodal Signals
Receptors and Coreceptorsshima et al., 2000) and Cerberus-short (Agius et al.,
2000), both nodal ligand antagonists, and cm-Xnr2 TGF superfamily ligands signal by binding to trans-
membrane serine-threonine kinase receptors (reviewed(Osada and Wright, 1999), a dominant inhibitory form of
Xnr2, each reduce expression of Organizer and other in Massague´, 1998) (Figure 4). Two sets of TGF super-
family receptors have been identified: type I receptors,mesendodermal markers to varying extents and disrupt,
but do not eliminate, gastrulation movements. Ectopic which are predominantly involved in the activation of
downstream transducers, and type II receptors, whichexpression of lefty2/antivin or cerberus can eliminate
detectable activation of Smad2 (Lee et al., 2001), a signal phosphorylate and activate type I receptors in response
to ligand binding. In the early mouse embryo, loss-of-transducer downstream of nodals (see below). Since
these inhibitors do not entirely eliminate mesendoder- function data are consistent with the possibility that the
type I receptor ALK4 (Gu et al., 1998) and the type IImal gene expression but do prevent detectable Smad2
activation, either mesendodermal gene expression per- receptors ActRIIA and ActRIIB are nodal receptors (Oh
and Li, 1997; Song et al., 1999). Gain-of-function studiessists in the absence of nodal signals, or residual signal-
ing below the detection limit of available techniques in frog and zebrafish showing that a constitutively active
ALK4 mutant can mimic nodal-like signals also supportsuffices for induction of some mesendodermal markers.
The use of inhibitors for loss-of-function analysis also this model. Additional type I receptors (ALK7 in mouse
and frog, TARAM-A in zebrafish) have been identified,leaves open the possibility that these molecules may
have effects in addition to the antagonism of the known however, that are expressed in prospective mesendo-
derm and can mimic the action of nodal-like ligands,nodal-like ligands.
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and may therefore also contribute to nodal signaling Smad3, also functions in this capacity (reviewed in Hill,
2001; Whitman, 1998). While only Smad2 has been di-(Reissmann et al., 2001; Renucci et al., 1996).
Cripto Is a Conserved Coreceptor for Nodals rectly shown to be C-terminally phosphorylated in re-
sponse to nodal signals (Kumar et al., 2001; Lee et al.,In addition to the type I and type II receptors, a novel
class of factors are specifically required for signaling by 2001; Yeo and Whitman, 2001), indirect evidence indi-
cates that Smad2 and Smad3 can be stimulated by simi-nodal-related ligands (Figure 4). These are the EGF-CFC
factors, a family of membrane attached extracellular lar upstream signals, which include a variety of TGF
superfamily ligands as well as the nodals. Both gain-of-glycoproteins (Shen and Schier, 2000). EGF-CFC factors
have been characterized in mouse (Cripto and Cryptic), function and dominant inhibitory studies in frogs, fish,
and cultured cells are consistent with a role for Smad2human (hCripto and hCryptic), chick (cripto), zebrafish
(one-eyed pinhead [oep]), and frog (FRL-1). A role for and Smad3 in signaling by nodals (Baker and Harland,
1996; Graff et al., 1996; Yeo et al., 1999; Labbe´ et al.,EGF-CFC factors in Nodal signaling has been demon-
strated most dramatically in zebrafish, where maternal 1998), but definitive Smad loss-of-function studies have
only been done in the mouse. In addition to positivelyand zygotic loss of oep function (MZoep) phenocopies
the loss of both nodal ligands, cyc and sqt (Gritsman regulating Smad2 and Smad3, nodals also can antago-
nize the endogenous activation of Smad1, a transduceret al., 1999) (Figure 3). Loss of oep function renders cells
unable to respond to ectopic cyc or sqt but does not of BMP signals, at least in part because nodal can form
signaling-inactive heterodimers with BMP ligands (Yeoalter responsiveness to activin, suggesting that the re-
quirement for EGF-CFC factors is specific to the nodal and Whitman, 2001). One nodal family member, Xenopus
Xnr3, lacks the ability to activate Smad2/Smad3 butsubfamily of TGF ligands (Gritsman et al., 1999). In
mouse, Cripto, like nodal, is necessary for cell move- does antagonize Smad1 (Hansen et al., 1997), sug-
gesting that the latter is its primary signaling mecha-ments that establish A-P pattern, consistent with the
possibility that cripto participates in nodal signaling nism. The significance of BMP signaling inhibition in the
action of other nodal ligands has not been determined.(Ding et al., 1998). Unlike the case in zebrafish, however,
Cripto mutations do not precisely phenocopy nodal loss In the mouse, the overlapping biochemical activities
and embryonic expression of Smad2 and Smad3 com-of function. This leaves open possibility that known or
unknown EGF-CFC factors may compensate for one plicate the interpretation of their loss-of-function pheno-
types. In the VE, in which only Smad2 is expressed, lossanother in the mouse embryo, or that nodal signaling in
the mouse is perhaps enhanced by EGF-CFC factors of nodal and loss of Smad2 have similarly disruptive
effects on nodal-dependent AVE gene expression, sup-but not strictly dependent on them. While a Xenopus
EGF-CFC factor, FRL-1, is expressed during early em- porting the idea that Smad2 is a major transducer of
nodal signals (Waldrip et al., 1998). In the epiblast, how-bryogenesis, its functional role in nodal signaling has
not been addressed (Kinoshita et al., 1995). ever, where both Smad2 and Smad3 are expressed, the
situation is more complex (Nomura and Li, 1998; WaldripMechanistically, EGF-CFC factors appear to function
as coreceptors, enhancing nodal ligand binding to the et al., 1998; Weinstein et al., 1998). Loss of Smad2, like
loss of nodal, disrupts primitive streak formation andtypeI/type II receptor complex (Reissmann et al., 2001;
Yeo and Whitman, 2001). Mouse or human cripto can the subsequent establishment of axial mesoderm and
definitive endoderm. While Smad2/ embryos do loseinteract specifically with the putative nodal type I recep-
tor ALK4, allowing nodal to bind to the ALK4/ActRII expression of some mesodermal genes that are absent
in nodal/ embryos (e.g., lefty-2) (Brennan et al., 2001;complex (Yeo and Whitman, 2001). Whether regulation
of EGF-CFC factors is a control point for nodal signaling Waldrip et al., 1998), expression of other mesodermal
genes (e.g., eomes, Cripto, wnt3, T) is not lost. They areduring development remains to be shown. Recent work
indicating that site-specific glycosylation may be neces- instead expressed ubiquitously at gastrulation (day 6.5),
unlike wild-type embryos, in which expression of thesesary for Cripto function suggests that posttranslational
modification of Cripto could have a role in nodal regula- genes is restricted posteriorly to the prospective streak
(Brennan et al., 2001), or nodal/ embryos, in whichtion (Schiffer et al., 2001). The possibility that regulation
of Cripto could provide spatial or temporal control of expression is absent. This indicates that while Smad2
is not necessary for expression of many nodal-regulatedendogenous Nodal signaling will be an important area
for further investigation. genes, it is required for establishing the A-P axis (Figure
1). Colonization of Smad2/ epiblast with Smad2/ ESTranscriptional Regulators
Smads—Transducers from the Receptor to the Nucleus. cells does not rescue epiblast patterning, indicating that
the major developmental defects caused by loss ofDownstream of the receptors, the best-characterized
targets for TGF superfamily signaling are the receptor- Smad2 function are due to failures in nodal signaling in
extra-embryonic tissues (Waldrip et al., 1998).regulated Smads (Smads1, 2, 3, 5, and 8) (reviewed in
Massague´ and Wotton, 2000; Whitman, 1998). These Smad3 inactivation does not have an early embryonic
phenotype (Datto et al., 1999; Zhu et al., 1998), sug-Smads are directly phosphorylated at their C termini by
type I receptors and then interact with Smad4 to form a gesting that Smad2 can compensate for its loss, al-
though a Smad2/3 double knockout has not been re-heteromeric signaling complex (Figure 4). This complex
translocates to the nucleus and regulates transcription, ported. While loss of Smad4 severely disrupts early
development, Smad4/ extra-embryonic tissues caneither by direct interaction with DNA, or by interaction
with site- and tissue-specific DNA binding cofactors. rescue mesoderm specification and gastrulation in a
Smad4/ epiblast (Sirard et al., 1998). Since nodal sig-Smad2 has been strongly implicated as a major trans-
ducer of nodal signals, and a less developed body of naling in the epiblast is necessary for mesodermal gene
expression, but neither Smad2 nor Smad4 seem to be,evidence suggests that the closely related Smad,
Developmental Cell
610
Table 2. Candidate Targets for FAST/FoxH1 Downstream of Nodals
FoxH1 Sites in Enhancer
Reduced/Absent in FoxH1 and Necessary for Activin/Nodal Activated by
Gene Nodal Loss of Function Responsiveness FoxH1-VP16
Mouse Nodal   ND
Lefty2   ND
Gsc   ND
FoxA2  ND ND
PitX2   ND
Frog Xnr1 ND  
Antivin ND  
Gsc  () 
Mix.2   
Xlim   
Eomes ND  
Mixer ND () 
PitX2 ND  
Zebrafish Cyc  ND ND
antivin  ND ND
Gsc  () 
flh ND ND 
Gata5 ND ND 
Sox17 ND ND 
axial  ND ND
Multiple criteria suggest potential target genes for nodal signaling through FAST/FoxH1. Note that some criteria (e.g., loss of function) do not
distinguish direct from indirect regulation by FAST/FoxH1, others (FAST-VP16 activation, enhancer sites) do not demonstrate an essential
role for FAST/FoxH1 in endogenous regulation. A plus sign in parentheses indicates a FoxH1 site is present but has not been shown to be
necessary for activin/nodal responsiveness of the enhancer. ND, not determined. Not all candidate target genes are listed. References are
provided in the text.
this suggests that either (1) Smad3 can transduce Nodal In all species examined, FoxH1 is broadly expressed
in the early embryo, and in frogs and zebrafish it issignals in the epiblast without Smad2 or Smad4, (2)
additional Smads signaling downstream of nodal have present maternally as well as zygotically (Chen et al.,
1996; Labbe´ et al., 1998; Pogoda et al., 2000; Sirotkinnot been identified, or (3) Smad-independent signals
can transduce some aspects of nodal signaling. A final et al., 2000; Weisberg et al., 1998). It exhibits site-spe-
cific DNA binding activity but does not activate tran-complication to understanding the role of Smads in
nodal signaling in the mouse is that, in the case of Smad2 scription in the absence of its association with Smads
(Yeo et al., 1999) and can form complexes with eitherinactivation, work from different labs has yielded dispa-
rate results: two labs report the complete loss of early receptor-activated Smad2 or Smad3 (Labbe´ et al., 1998;
Yeo et al., 1999). Interestingly, Smad3 complexes withmesodermal gene expression in Smad2/ mice, in con-
trast to the ubiquitous expression of some mesodermal FoxH1 can inhibit, rather than activate, transcription of
some Nodal-regulated genomic elements, indicatinggenes discussed above, and similar to what is observed
in nodal/ mice (Nomura and Li, 1998; Weinstein et al., that Smad2 and Smad3 are not functionally interchange-
able with regard to FoxH1-dependent transcriptional1998). While the reasons for differences in phenotype
of Smad2 knockout alleles are not clear, collectively, regulation (Labbe´ et al., 1998). Since Smad2 appears
to be sufficient to functionally compensate for Smad3the Smad2 knockouts confirm that Smad2 plays an im-
portant role in numerous aspects of nodal function. during the early development of Smad3/ mouse em-
bryos, however, the importance of the distinctive repres-FAST/FoxH1—A Transcription Factor with Conserved
and Divergent Roles Downstream of Nodal Signaling. sive function of Smad3 in early patterning is not clear.
Putative FoxH1 Target Genes. Potential target genesOnce activated and in the nucleus, the Smads regulate
tissue-specific transcriptional activation, primarily by in- for nodal signaling through FoxH1 have been identified
by analysis of activin/nodal responsive regulatory ele-teraction with tissue- or stage-specific DNA binding co-
factors (Figure 4) (reviewed in Derynck et al., 1998; Mas- ments from mesendodermal genes, and by ectopic ex-
pression of activated FoxH1 constructs. In frog, a condi-sague´ and Wotton, 2000). The first of these cofactors
to be identified was the winged helix transcription factor tionally activated FoxH1-VP16 fusion protein has been
used to show that a range of mesendodermal and Orga-FAST-1 (FoxH1), a nuclear factor that interacts with
Smad2 and Smad4 upon stimulation by activin, Vg1, or nizer genes can be directly activated by FoxH1 (Table
2) (Watanabe and Whitman, 1999). The identification ofNodal (Chen et al., 1996; Huang et al., 1995). FoxH1
orthologs have now been characterized in human, FoxH1 binding sites essential for Nodal responsiveness
of genomic regulatory elements of several of thesemouse, and zebrafish (Labbe´ et al., 1998; Pogoda et al.,
2000; Sirotkin et al., 2000; Weisberg et al., 1998; Zhou genes supports a direct role for FoxH1 in mesendoder-
mal gene regulation (McKendry et al., 1998; Osada etet al., 1998), allowing a comparison of how a specific,
nodal-dependent, transcriptional response pathway al., 2000; Rebbert and Dawid, 1997; Ryan et al., 2000;
Shiratori et al., 2001; Watanabe and Whitman, 1999). Infunctions in different vertebrate model systems.
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zebrafish, FoxH1 fusion protein analysis identified both in mouse, Gsc is regulated by FoxH1 downstream of
nodal signals. Gsc expression in response to ectopicmesodermal (gsc, flh) and endodermal (axial, sox17,
gata5) genes as potential FoxH1 targets (Pogoda et al., cyc is reduced, but not eliminated in MZSchmalspur
mutants, however, suggesting that additional factors2000). In the mouse, FoxH1-regulated genomic ele-
ments have been identified in the Nodal and goosecoid can regulate Gsc downstream of nodal signals in the
zebrafish.genes (Labbe´ et al., 1998; Saijoh et al., 2000), consistent
with observations in Xenopus and zebrafish (Table 2). Loss of FoxH1 Function in Xenopus. While genetic
analysis of FoxH1 loss of function has not been doneFoxH1 target sites have also been found in regulatory
elements for genes implicated in left-right patterning in in frog, injection of a blocking antibody or expression
of a dominant inhibitory form of FoxH1, are consistentboth mouse and frog, and a FoxH1-regulated reporter
is expressed specifically in the left-side lateral plate with a role for this factor in the regulation of nodal-
dependent mesendodermal gene expression (Watanabemesoderm, indicating that the FoxH1 also is involved
in mediating nodal signals during left-right patterning and Whitman, 1999). Injection of an antibody that blocks
FoxH1 function eliminates the expression of organizer(Saijoh et al., 2000; Shiratori et al., 2001; Osada et al.,
2000). markers (e.g., Gsc, xlim) and reduces, but does not elimi-
nate, the expression of mesodermal or mesendodermalLoss of FoxH1 Function in Mouse. Mouse FoxH1/
embryos consistently fail to form a definitive node but markers (xbra, Mix.2). In contrast, expression of strictly
endodermal markers (e.g., Sox17) is minimally affectedshow a range of phenotypes that fall into three general
classes, recapitulating to different extents the loss of by blocking FoxH1 function. Inhibition of FoxH1 function
in Xenopus is more disruptive to gastrulation and mes-nodal function: (1) embryos showing greatly reduced
anterior structures and loss of dorsal midline structures, endodermal specification than are FoxH1 mutations in
fish and mice. It is not clear whether this discrepancy(2) embryos entirely lacking both head and midline struc-
tures, and (3) embryos in which the coordinated move- reflects a greater dependence on FoxH1 of mesendo-
dermal induction by nodals in frogs, or the ability ofments that orient the A-P axis do not occur (Hoodless
et al., 2001; Yamamoto et al., 2001). FoxH1/ embryos FoxH1 blocking antibodies or dominant inhibitors to do
more than just block endogenous FoxH1 function.do express mesodermal genes, such as brachyury (T)
but lose expression of some genes normally expressed Both the similarities in putative target genes identified
in mice, zebrafish, and frogs (Table 2), and the similari-in the primitive streak and/or node, including goosecoid,
nodal, Lefty2, and FoxA2 (Hoodless et al., 2001). Anterior ties in defects observed following the loss of FoxH1
function in each of these species, illustrate conserveddefects, but not midline defects, are rescued by restora-
tion of FoxH1 expression in the visceral endoderm, con- roles for FoxH1 in vertebrate nodal signaling. Significant
differences in FoxH1-defective embryos from differentsistent with the idea that nodal signaling in the VE is
essential for head patterning (Yamamoto et al., 2001). species, however, identify points of divergence among
vertebrates in how this pathway is used. These differ-FoxH1/ cells fail to populate the definitive endoderm,
also consistent with the proposed role of nodal and ences include the gastrula-stage developmental arrest
seen in a significant portion of mouse FoxH1/mutants,Smad2 signaling in establishing this tissue (Hoodless et
al., 2001). These observations indicate that FoxH1 is but not zebrafish schmalspur mutants, and the loss of
embryonic endoderm in FoxH1/ mice but not in fishimportant for most of the patterning functions proposed
for nodal (Table 1), although patterning defects at gas- or frogs. The observed differences among species in
requirements for FoxH1 in specific nodal-dependenttrulation preclude analysis of subsequent left-right pat-
terning. Inactivation of FoxH1 does not compromise em- patterning events (e.g., endoderm specification) may
reflect the extent to which other factors compensate forbryonic patterning as severely as the loss of nodal,
however, and mesoderm specification in particular ap- the loss of FoxH1 in different vertebrate embryos. One
additional class of transcription factors likely to have apears to have relatively little dependence on FoxH1,
indicating that additional transcription factors are im- role in nodal signaling is the Mixer/Milk/Bix family of
paired-type homeodomain proteins, that, like FoxH1,portant downstream of nodal and the Smads.
Loss of FoxH1 Function in Zebrafish. Identification of bind Smad2 and Smad4 to form a DNA binding complex
(Germain et al., 2000). A paired-type homeodomain bind-the mutant schmalspur as a loss-of-function defect in
the zebrafish FoxH1 ortholog provides a useful compari- ing site has been identified in a conserved regulatory
element from the Gsc promoters of mouse, frog, andson to FoxH1 loss of function in the mouse (Pogoda et
al., 2000; Sirotkin et al., 2000). Zebrafish embryos lacking zebrafish, consistent with a role for this family of factors
in Gsc regulation downstream of nodal. Several Mixerboth maternal and zygotic FoxH1 (MZschmalspur) lack
a morphologically distinct organizer, similar to the loss family members are localized to the early prospective
endoderm, suggesting that they may be particularly im-of node structure seen in the mouse, and show severe
defects in prechordal plate, floor plate, and notochord, portant for nodal regulation of endodermal gene expres-
sion (Germain et al., 2000; Henry and Melton, 1998) .again broadly consistent with the anterior and midline
defects seen in the less severely affected classes of Characterization of the endogenous role of the Mixer
family, as well as identification of additional transcriptionFoxH1/ mice. Expression of several early nodal-regu-
lated mesendodermal genes is reduced in MZschmal- factors that mediate nodal signaling, will be necessary
to develop a complete picture of how nodals regulatespur mutants, but endoderm and nonaxial mesoderm
are largely unaffected, in contrast to the drastic reduc- early patterning.
Autoregulation of Nodal Signaling through FoxH1. Antion in endoderm and mesoderm seen in mutants (e.g.,
cyc/sqt) in which nodal signaling is entirely lost. Ex- additional point of functional conservation between
mice, fish, and frogs worth special mention is the rolepression of Gsc is strongly reduced, indicating that, as
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of FoxH1 in the regulation of the expression of both ventral side of the marginal zone compared to the dorsal
side (Agius et al., 2000). While these experiments arenodal ligands and nodal antagonists (Figure 4) (Osada
et al., 2000; Pogoda et al., 2000; Saijoh et al., 2000). In consistent with the action of a gradient of nodal signaling
in vivo, they do not directly demonstrate such a gradient,all three species, nodal ligands initially are expressed
independently of FoxH1, but subsequent maintenance nor is it established that direct diffusion of nodal ligands
is essential to establish gradients of nodal signaling.or propagation of expression of these ligands is depen-
dent on nodal signaling to FoxH1 (in frogs this scheme is Direct examination of nodal signaling at the level of
Smad2 phosphorylation is made possible with antibod-complicated by the existence of multiple nodal ligands,
some of which are nodal-regulated and some of which ies specific to phosphoSmad2 (Faure et al., 2000). In
frog, examination of Smad2 phosphorylation across theare not) (Norris and Robertson, 1999; Osada et al., 2000;
Pogoda et al., 2000; Takahashi et al., 2000). FoxH1 regu- animal-vegetal axis of the pregastrula embryo indicates
that phosphorylation is higher vegetally than marginallylates nodal expression both in prospective mesendo-
derm during gastrulation and in lateral plate mesoderm and is absent animally (Faure et al., 2000). This is consis-
tent with the idea that different levels of nodal signalingduring later left-right patterning, indicating that this posi-
tive feedback pathway is used at multiple stages during along the animal-vegetal axis distinguish germ layers
and, potentially, regions of the prospective Organizer.development.
The functional conservation of FoxH1-regulated ex- Along the dorsal-ventral axis, however, there is a tempo-
rally dynamic pattern of nodal signaling, rather than apression of nodals is reflected in the conservation of
FoxH1-regulated genomic regulatory elements. A con- stable gradient of activity (Lee et al., 2001). Smad2 phos-
phorylation first appears at late blastula on the dorsalserved intronic enhancer containing a pair of FoxH1
target sites has been identified in nodal orthologs from side of the prospective mesendoderm, but by mid-gas-
trulation, phosphorylation has disappeared dorsally andmouse, frog, and ascidian, suggesting that FoxH1 regu-
lation of nodals is broadly conserved among chordates is highest on the ventral side (Figure 2). Ventralization
of the embryo by preventing cortical rotation results in(Osada et al., 2000). FoxH1 also regulates expression
of the nodal antagonist lefty2/antivin in the early pro- a delay in Smad2 phosphorylation, but no change in its
maximal level (Lee et al., 2001). Across the prospectivespective mesoderm of frogs, fish, and mice (Pogoda et
al., 2000; Watanabe and Whitman, 1999; Yamamoto et dorsal-ventral axis, it is therefore the timing of nodal
signaling, rather than its maximal level, that is correlatedal., 2001), indicating that negative, as well as positive,
feedback regulation of nodal signaling may be con- with axial patterning.
In the zebrafish, analysis of the expression of a natu-trolled through the FoxH1 pathway, and that this role is
broadly conserved in chordate evolution. rally occurring FoxH1-responsive retroelement, bhikhari
(bik), indicates a similar initiation of nodal signaling on
the dorsal side, which then spreads around the marginHow Do Nodals Pattern Embryos?
(Figure 2) (Vogel and Gerster, 1999). Along the animal-Gradients: Spatial and Temporal Regulation
vegetal axis, cyc/sqt-dependent expression of meso-As a mesoderm inducer, activin is striking in its ability
dermal markers suggests a gradient of nodal signalingto induce distinct mesendodermal transcriptional re-
that is highest vegetally (Chen and Schier, 2001), similarsponses and tissues as a function of small changes in
to the vegetal-animal gradient of Smad2 phosphoryla-dose (Green and Smith, 1990), suggesting that it could
tion observed in the frog. Manipulation of the durationact as a morphogen in the patterning of mesendodermal
of nodal signaling in zebrafish is sufficient to modify thetissues. While ectopic activin has properties character-
anterior-posterior character of mesodermal derivativesistic of a morphogen (reviewed in McDowell and Gurdon,
(Gritsman et al., 2000), suggesting that duration of sig-1999), the identification of nodals as the likely endoge-
naling may also be an important variable in axial pat-nous mesendodermal inducers has refocused questions
terning. Timing of the initiation of nodal signaling, timingabout morphogens and mesendodermal patterning on
of attenuation of signaling, and signal duration are, how-these factors.
ever, interdependent variables that have not yet beenRecent support for the idea that nodals function as
sufficiently resolved experimentally to evaluate the im-morphogens has come from several ectopic expression
portance of each in patterning.studies. In zebrafish, Chen and Schier (2001) have
In the mouse, the complex pattern of nodal expressionshown that ectopic sqt, but not cyc, can directly induce
during early embryogenesis (Figure 1) makes it moremesendodermal gene expression at a distance of sev-
difficult to establish a correspondence between specificeral cell diameters from a source of sqt expression.
regions and times of nodal expression and particularAs with activin, increasing doses of ectopic sqt induce
patterning events than is the case in frogs and zebrafish.progressively more anterior mesodermal markers, also
Unlike frogs and fish, mouse nodal expression is notconsistent with its function as a morphogen. Conversely,
always restricted to prospective mesendoderm. In theattenuation of nodal signaling in zygotic oep mutant
day 5.5 mouse embryo, nodal expression and signalingembryos can posteriorize Organizer derivatives, and ec-
are transiently activated throughout the epiblast, nottopic expression of low doses of the nodal inhibitor
just in the prospective streak. This early phase of nodallefty2/antivin leads to the loss of only anterior structures,
expression is clearly insufficient for mesendodermalwhile higher doses progressively eliminate more poste-
specification, but whether this is because the level ofrior structures (Chen and Schier, 2001; Gritsman et al.,
nodal signaling is too low or the time of the signal is too2000; Thisse et al., 2000). Similar experiments in frog
early for mesendodermal specification is not known. Indemonstrate an increased sensitivity of the mesodermal
gene brachyury to the nodal inhibitor Cerberus on the addition, nodal signals to ExE and VE result in secondary
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by FoxH1. In the early mouse embryo, Cerberus is ex-
pressed in the AVE in response to nodal signaling, and
may be a component of the nodal-antagonizing signal
in the AVE that initiates A-P patterning (Figure 1, step
4). In the frog, ectopic Cerberus expression can induce
heads, suggesting that negative feedback regulation of
nodal signaling by Cerberus may be a conserved step
in anterior patterning (Bouwmeester et al., 1996; Piccolo
et al., 1999). Cerberus also antagonizes BMP and wnt
signaling, however, and these additional inhibitory activ-
ities are also likely to be an important component of
Cerberus’ overall role in the process of head formation
Figure 5. Positive and Negative Feedback Regulation by Nodals (Piccolo et al., 1999).
and the Antagonists Lefty2/Antivin and Cerberus
In the mouse, lefty2 is coexpressed with nodal at high
levels in the primitive streak, and inactivation of lefty2
signals that are important for the development and pat- results in expansion of the primitive streak, with a variety
terning of the primitive streak (Figure 1, steps 2 and 3). of associated patterning defects (Meno et al., 1999).
Pre-gastrula signaling by nodal to the ExE and VE is not These defects are reduced in a nodal/ heterozygote
associated with the induction of mesodermal markers background, consistent with a functional role for lefty2
and therefore appears to involve transcriptional re- in limiting nodal signaling. While this confirms that lefty2
sponses distinct from those mediating nodal’s later role is an important endogenous negative feedback regula-
in primitive streak formation. The importance of indirect tor of nodal, how lefty2 alters the spatial or temporal
nodal signaling through effects on extra-embryonic tis- pattern of nodal signaling in gastrula-stage embryos is
sues, relative to direct induction of mesodermal genes not clear. During post-gastrula left-right patterning, loss
by nodal, in specification of the prospective streak is of lefty2 in the left lateral plate mesoderm results in an
not known. Spatially distinct, rapidly changing, embry- expansion of the domain of nodal signaling across the
onic and extra-embryonic sources of nodal before and midline, indicating that lefty2 is important for con-
during gastrulation make simple gradient models for straining the range of nodal signals (Meno et al., 2001).
nodal action in the mouse embryo difficult to envision. In the frog, the nodal-induced nodal antagonists anti-
Feedback Regulation and Patterning vin (an ortholog of Lefty2) and Cerberus are first ex-
As noted above, one of the most broadly conserved pressed in the dorsal mesendoderm, where nodal sig-
features of nodal signaling is its autoregulatory capacity naling is also first seen (Lee et al., 2001; Cheng et al.,
through both positive and negative feedback loops (Fig- 2000). Nodal signaling subsequently disappears from
ure 5). Since the location, timing, and dose of nodal the mesendoderm during gastrulation, first on the dorsal
signals are all critical variables in embryonic patterning, side. That nodal-induced expression of nodal antago-
careful examination of how each of these variables is nists begins in the embryonic region where nodal signals
altered by feedback regulation is important for under- are first attenuated suggests that a nodal-regulated neg-
standing the role of nodal autoregulation in early devel- ative feedback loop regulates the timing of attenuation
opment. of nodal signaling across the dorsal-ventral axis. How
Positive Feedback. In the mouse, FoxH1-mediated the early dorsal attenuation of nodal signaling affects
positive feedback is implicated in the propagation of axial patterning, however, has not been determined.
nodal expression through the epiblast after an initial That nodal signaling activates expression of both
phase of nodal expression at the embryonic/ExE bound- nodal ligands and antagonists through the same signal-
ary (Brennan et al., 2001; Norris and Robertson, 1999). ing pathway suggests that positive and negative feed-
In the frog, positive nodal autoregulation has been pro- back loops are activated in the same cells at the same
posed to play a role in the spread of nodal signaling time. This raises the question of why these mutually
from the endoderm to the marginal zone, but this has antagonistic effects do not simply cancel each other out.
not been shown directly. Positive feedback is not re- One potential explanation, originally raised in studies of
quired for propagation of nodal signals from the dorsal left-right patterning (Meno et al., 1999; Saijoh et al.,
to the ventral side of the marginal zone, as ventral nodal 2000), is that, if the antagonists (e.g., Lefty2) diffuse
signaling appears with normal timing in isolated ventral more rapidly than the nodal ligands, this would establish
pieces (Lee et al., 2001). How positive feedback regula- a classic “reaction-diffusion” system for sharply limiting
tion affects either the maximal level or the duration of the extent of nodal signaling (Turing, 1990). This expla-
nodal signaling in the frog embryo has not been exam- nation would help to clarify why, in gastrula stage em-
ined. In zebrafish, as in the frog, FoxH1-mediated posi- bryos, nodal expression and signaling remain limited to
tive autoregulation is not necessary for the normal spa- the prospective mesendoderm rather than propagating,
tial extent of cyc/sqt expression in the early gastrula via positive feedback, into prospective ectoderm. The
margin. FoxH1 in zebrafish has been shown to be neces- rapid diffusion of nodal antagonists away from their site
sary, however, for maintaining the duration of cyc and of production in the mesendoderm into prospective ec-
sqt expression through gastrulation (Pogoda et al., toderm would permit nodal signaling in mesendoderm
2000). while restricting it in ectoderm. Direct demonstration of
Negative Feedback. Two antagonists of nodal signal- such differential diffusion of nodal ligands and antago-
ing, lefty2/antivin and Cerberus, are known to be in- nists will be necessary to establish the feasibility of such
a mechanism.duced by nodal signaling, and can both be regulated
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Upstream of Nodals: How Are Patterns of Nodal Conclusion
Studies from mice, frogs, and fish identify the conservedExpression Established?
Nodal-Smad2/3-FoxH1 pathway as being critical to theWhile the downstream transducers of nodal ligands
establishment of mesendodermal pattern in early em-show considerable conservation among vertebrates, the
bryos. Our understanding of the nodal signaling pathwayupstream signals initiating nodal expression are less
is, however, still incomplete. Not only are transcriptionalwell conserved. The initiation of nodal signaling is best
regulators in addition to FoxH1 and Mixer likely to beunderstood in the early frog embryo (Kimelman and Grif-
important for nodal transcriptional responses, novel reg-fin, 1998), in which a maternal, vegetally localized tran-
ulators of nodal signaling, such as Arkadia (Episkopouscription factor, VegT, is required for the initiation of
et al., 2001), suggest the possibility of additional controlboth Smad2 phosphorylation and the zygotic expression
points in the nodal pathway that are not yet understood.of nodal ligands in the prospective mesendoderm (Ko-
Broader questions regarding how nodal functions infron et al., 1999; Takahashi et al., 2000; Xanthos et al.,
early embryonic patterning are highlighted by recent2001; Lee et al., 2001). Maternal VegT mRNA is localized
work as well. To what extent are the dose and the timingto the vegetal cortex (Zhang and King, 1996), indicating
of nodal signals determinants of how these ligands par-that, in the frog, maternal RNA localization may be the
ticipate in the regionalization of mesendoderm? Whatfirst symmetry breaking event that distinguishes mesen-
is the molecular basis for cellular interpretation of nodaldoderm from ectoderm. After fertilization, dorsal local-
signals as a function of time and dose? How are nodalization of nuclear-catenin provides a second symmetry
signals integrated with other patterning signals? Finally,break that synergizes with VegT to initiate nodal ligand
the identification of specific genomic targets for nodalexpression in dorsal mesendoderm (Agius et al., 2000;
signals in embryos of a range of vertebrate speciesLee et al., 2001). VegT and Lef-1/-catenin binding sites
allows a very general question about the evolution ofhave been identified in the Xnr1 promoter, suggesting
development to be phrased in specific terms—how arethat regulation of nodal signaling by these factors can
cis-acting regulatory circuits, targeted by nodal signals,be both direct and cell autonomous (Hyde and Old, 2000;
conserved or modulated among embryos that share aKofron et al., 1999).
common evolutionary origin but have diverged in theirThe mechanisms that initiate nodal signaling in frog
physical characteristics (Davidson, 2001)? The comple-
are only partially conserved with zebrafish. In zebrafish,
mentary strengths of different vertebrate model systems
as in frog, the dorsal axis is defined by dorsally localized
have made possible tremendous progress in identifying
-catenin (Schneider et al., 1996), which is associated
conserved signaling molecules that pattern early em-
with dorsal sqt expression, although direct regulation bryos. Understanding and distinguishing the conserved
of sqt by -catenin has not been shown. The zebrafish and species-specific roles of these molecules in embry-
homolog of VegT is not expressed prior to the onset of onic patterning will help to provide a better integrated
cyc and sqt expression (Ruvinsky et al., 1998), however, understanding of the many ways that embryos of verte-
and is therefore unlikely to have a role in the initiation brate species can develop.
of nodal signaling comparable to its role in the frog. The
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